Six types of moiré superstructures of graphene on Ir(111) with different orientations (labeled as R0, R14, R19, R23, R26 and R30) are investigated by low-energy electron diffraction, scanning tunneling microscopy and first-principles calculations. The moiré superstructure of R0 graphene has remarkable diffraction spots and deeper corrugation than that of the other superstructures. A high-order commensurate (HOC) method is applied to produce a list of all possible graphene moiré superstructures on Ir(111). Several useful structural data including the precise matrices of the moiré patterns are revealed. Density functional theory based first-principles calculations that include van der Waals interactions reveal the differences of the geometric environment and electronic structures of carbon atoms with respect to the underlying Ir(111) lattices for all the observed moiré patterns. The further calculations of electronic properties at the graphene-Ir interfaces show that the electron transfers for all superstructures are small and of the same order of magnitude, which demonstrates a weak interaction between graphene and the Ir(111) substrate, leading to the coexistence of multi-oriented moiré superstructures.
Introduction
As a new type of two-dimensional material with a single layer of carbon packed in a honeycomb lattice, graphene holds enormous application potential in advancing the development of microelectronics. Since it was initially exfoliated from graphite in 2004 [1] , it has demonstrated unique properties in various of aspects, such as electronics, magnetics and optics [2] [3] [4] [5] [6] . The pursuit of either new physical discoveries about graphene materials or their potential applications demands high-quality samples of single-layer graphene. Graphene prepared by exfoliation shows a high quality suitable for fundamental research, but its dimensions, always in micrometers, are obviously not big enough for the integration of devices. The demand for industrial-scale sizes of graphene aroused considerable interest in its fabrication in scientific and technological fields [7] [8] [9] [10] , and thus the preparation of high-quality graphene becomes a formidable task.
One established method to make large-scale graphene is epitaxial growth on a transition metal substrate, which favors the formation of graphene by serving as a catalyst or template. Recently, high-quality graphene has been achieved in a controlled way by hydrocarbon decomposition on polycrystalline copper foils or single-crystalline surfaces like Ni(111) [11] , Ru(0001) [12] [13] [14] [15] [16] , Ir(111) [17] [18] [19] [20] [21] [22] , Cu(111) [23, 24] , and Pt(111) [25, 26] . In many cases, graphene samples made by epitaxial growth can provide products of macroscopic scale [16] .
Two features are noteworthy in these graphene/metal systems. First, graphene and these metal substrates have slightly different lattice parameters but the same hexagonal symmetry. Second, graphene and the metal substrate interact, strongly or weakly. Owing to these two features, graphene (Gr) may be strained or be rotated with respect to the substrate structure, in order to minimize the total energy of the system. Normally, such rotations between two different lattices lead to the formation of moiré superstructures. If the substrate interaction with graphene is relatively strong, as in Gr/Ru(0001) [16] , a uniform moiré pattern is likely. Otherwise, several types of moiré patterns coexist, as in Gr/Pt(111) [26] and Gr/Ir(111) [27, 28] . Besides the effect of the lattice constant, the emergence of moiré patterns of the graphene adlayer are sometimes influenced by the growth parameters and the quality of the substrate itself [26, 29] .
As moiré superstructures generally appear along with graphene, people try to utilize the advantages of these well-ordered two-dimensional superstructures and find many exciting phenomena. For example, the size of mono-dispersed platinum nano-clusters can be well controlled by using moiré superstructures of graphene on Ru(0001) [30] . Also, self-assembled phthalocyanine molecules can form regular Kagome lattices on Gr/Ru(0001) that duplicate the lattice of the moiré superstructures [31] . On a Gr/Ir(111) surface, selective hydrogen adsorption on the moiré superstructure can open a gap in graphene [32] . Very recent findings show that differently oriented moiré superstructures hold different electronic properties [33, 34] . Even more interesting, a corrugated graphene adlayer on metal behaves as a quantum well with localized electronic confinement in the moiré superlattice [35] [36] [37] [38] [39] . As seen, the moiré pattern of graphene is a very promising template for nanostructures with wonderful properties. Thus, more in-depth understanding of these moiré superstructures of graphene is needed. Actually, studies of epitaxial rotation of the moiré superstructure date back to 1977 [40] . After that, an array of researchers began to investigate the relationship of moiré superstructures with the rotation by various theoretical methods [41] [42] [43] [44] . Recently, a strain-driven model for moiré superstructures of graphene on transition metals has been proposed [45] . This model claims to predict all possible moiré superstructures of graphene on several metal substrates. But obtaining the precise configuration such as the matrix of moiré superstructures with respect to the substrate lattice still requires effort.
Since previous reports have mainly focused on the growth and structures of graphene on Ir(111), here, we concentrate mainly on the interface properties of different moiré superstructures of graphene on Ir(111). Growth temperature has a dramatic influence on the quality of graphene as we previously reported specifically for the case of different rotational graphene domains on the Pt(111) surface [26] . For the present study, we thus change the growth temperature to induce different orientations of graphene on Ir(111). The as-prepared samples are then characterized by low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM). We further use an improved high-ordered commensurate (HOC) [46] formula to gain a list of possible graphene moiré patterns on Ir(111) as well as the corresponding geometric parameters including the precise matrices. Moreover, in order to understand the moiré superstructures more precisely and the interface properties, we have done density functional theory (DFT) based first-principles calculations. Combining experimental observations with calculation results, we reveal the geometric and electric properties at the graphene-Ir interfaces of six moiré patterns in detail. The electron transfer at the interface shows that the interaction between the graphene layer and the substrate is weak and the graphene layer is slightly p doped.
Methods
The experiment was performed in an ultra-high vacuum (UHV) system with a base pressure about 2×10 −10 mbar. The Ir(111) single crystal (Mateck) was cleaned by several cycles of sputtering followed by annealing in O 2 atmosphere (∼1 × 10 −6 mbar) to remove the carbon contaminant. After this treatment, a distinct Ir(1 × 1) LEED pattern and clean terraces in STM image are observed. This clean Ir(111) substrate is heated to 1120 K and exposed to ethylene (partial pressure 1 × 10 −6 mbar) for 90 s, and then is further heated to a much higher temperature in the range of 1120-1500 K. Graphene is then found on the sample. LEED and STM are employed to investigate the geometric properties of the as-prepared sample.
Our theoretical calculations are based on DFT with the plane-wave based program, as implemented in the Vienna ab initio simulation package (VASP) [47, 48] . The projector augmented wave (PAW) potentials are used to describe the core electrons and the generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE) for exchange and correlation [49] . We use Grimme's empirical correction scheme to take into account the van der Waals (vdW) interaction [50] , and the standard values of the calculation parameters are used in these DFT + D/PBE calculations [51] (the coefficient C 6 for iridium is the same as Au [52] ). The periodic slab models include three layers of iridium, one layer of graphene, and a vacuum layer of 15Å. All the atoms are fully relaxed except for the bottom two substrate layers until the net force on every atom is less than 0.01 eVÅ −1 . In our calculation, the energy cutoff of the plane-wave basis sets is 400 eV, and different K-points sampling is chosen for different models, where 9 × 9 × 1 for R30 graphene, 2 × 2 × 1 for R26 graphene, 3 × 3 × 1 for R23 graphene, 5 × 5 × 1 for R19 graphene, 3 × 3 × 1 for R14 graphene, and a single point for R0 graphene are employed for Brillouin zone matrix integrations.
Results and discussion
3.1. Multi-oriented moiré superstructures of graphene at Ir(111)
We found six orientations of graphene on the Ir(111) surface by LEED. These orientations are consistent with previously reported works [17, 27, 28] . In their works, they independently detected several patterns with these orientations by LEED and low-energy electron microscopy (LEEM) and described these patterns as R0, R14, R18.5, R22, R26, and R30. The R0 and R30 graphene was also revealed by STM. In our experiment, we found all the Multiple orientations of graphene are prone to emerge on the same substrate, which may result from the mismatch and weak interaction between graphene lattice and the underlying Ir(111) lattice. The mismatch normally causes corrugation in an adlayer or even moiré superstructures with different periodicities and orientations. In order to see possible moiré superstructures as well as their corrugations in real space, we use STM to investigate the geometric properties of the graphene adlayer. Figure 1 (c) represents a typical STM image in three-dimensional view. It reveals the difference of topography between the R0 and R30 graphene domains. The periodic corrugation of R0 graphene is obviously much more extreme than that of R30 graphene. The corrugation in between the grain boundaries is probably due to enhanced electronic density states caused by the atomic defects between two rotated domains, which is similar to previous findings in the graphite system [53, 54] . Figure 2 shows more of the structural features of four rotated graphene domains on Ir(111), described as R0, R14, R19, and R30, including their STM images in atomic resolution and the corresponding fast Fourier transform (FFT) patterns. Here, the atomically resolved STM image of the R30 domain ( figure 2(d) ) shows a moiré pattern with a periodicity of 0.5 nm, however, in this domain we did not observe the second-order moiré superstructure with a larger periodicity as reported by McCarty's group [27] . Such a difference in STM images may be due to the different tip condition and the scanning parameters. The rhombus in each STM images denotes one moiré unit cell of each domain, corresponding to graphene (10 × 10), (4 × 4), (3 × 3), and (2 × 2) lattice, respectively. In figure 2 , the close-packed directions of graphene 
Unveiling the moiré superstructures by HOC models
Recently, a strain-driven model was proposed by Merino et al to explain the different moiré superstructures of graphene on metals [45] . In their model, discrete rotation angles have been selected by a calculation with an accuracy of 0.05 • , which is a great step forward relative to the continuous model. However, there are still some unsolved problems in this model, for example, the detailed structural configurations of the lattices of two stacked layers as well as the commensurability of the moiré superstructure. These items are very important to get real space information and the geometric matrices needed for theoretical simulations and understanding of the electronic properties. In the following, we extend an improved HOC method [55] to gain an approximate formula for the analysis To embody both structures, it can be described as ( √ 3 × √ 3)A/(4 × 4)S, and an equation can be deduced from this structure: √ 3A = 4S, where A and S are the lattice parameters of the adsorbed layer and the substrate, respectively. For further application with random specific lattices, the equation turns into the following format:
Here, m and n are the so-called hexagonal numbers [46] . This model is assumed to be a rigid model. In a graphene-metal system, both the adsorbed layer and the substrate may be stretched or compressed a little to reach the most stable state. Thus, the above equation can be modified into an approximate formula: √ mA ≈ √ nS. A systematic procedure for identifying the hexagonal number (m and n) has previously been proposed in terms of arithmetic [46] , here we introduce a simple method to obtain these numbers in a hexagonal lattice from a geometric point of view. In table 1 , we provide some useful structural data, including the unit cell of moiré superstructures, the oriented angle of the graphene lattice relative to the substrate lattice, the nominal mismatch between two lattices, and even the matrix. In these 21 HOC structures in table 1, we can find six moiré superstructures of graphene on Ir(111) we observed experimentally. The patterns of R0, R14, R19, R23, R26, and R30 described in figure 1 correspond to structures 20, 3, 2, 4, 7, and 1 in table 1, respectively. The oriented angle of each graphene moiré superstructure relative to the substrate obviously fits very well with the experimental data. Besides the orientation, the unit size is also in good agreement with the STM observations shown in figure 2 . Moreover, the precise matrix can be obtained in this table, especially for graphene domains of R23 and R26, although we do not get the atomic resolution STM images of them.
Due to the mismatch, graphene either compresses or stretches a little on the substrate. Commonly, the less stress graphene endures, the higher the probability of moiré superstructures appearing. Nevertheless, from our results, it seems that the mismatch cannot be a reference for the priority of the emergence of moiré superstructures. For instance, R30 graphene has a relative mismatch of −4.47%, which is much larger than most other moiré superstructures; however, the probability of its emergence is not lower than other rotations of graphene. Although we cannot predict the emergence of moiré superstructures based on the mismatch, as long as a moiré superstructure is characterized by LEED or STM, all the relative geometric information, including the matrix, the rotation angle between the graphene lattice and the substrate, the rotation angle between the graphene and the moiré superstructure, can be derived immediately by the approximate HOC formula. This suggests that the information in table 1 can serve as a database of moiré superstructures, which is very helpful for the analysis of experimental results and construction of theoretical models.
We also use this improved HOC method to check the reported moiré superstructures of graphene on Pt(111) [26] , Pd(111) [56] , Cu(111) [24] , Ni(111) [57] , all of which fit very well with the experimental data. In addition, we compared our results with those derived from the strain-driven model [45] , all reported moiré superstructures can be found in our HOC structures. Furthermore, our data provide the precise matrices, which are essentially important for understanding the chemical and physical properties and the theoretical simulations. This method can also be applied to bilayer graphene, where the lattice constants of the two layers are the same (A = S).
Interface structures and electronic properties
In order to gain a deep understanding of multi-oriented moiré superstructures on Ir(111), we conducted theoretical calculations by using DFT + D/PBE methods. The relaxed structural models, the corresponding simulated STM images, and the electron transfer at the graphene-Ir interface are shown in figure 4 . Table 2 summarizes the details of the optimized geometric parameters and the electron transfer at the graphene-Ir interface of all six moiré superstructures. In our models, the interface distance (h) between the lowest carbon atom and the first layer of the Ir substrate in all six structures is around 3.2Å, with the lowest value of 3.16Å in the R30 domain and the highest value of 3.32Å in the R26 domain, which is very close to the interlayer distance of graphite. Nevertheless, the interface distances of all six moiré superstructures are small compared to that of a strongly bonded graphene-metal system, like graphene on Ru(0001) [16] . This may suggest a weak interaction at the graphene-Ir(111) interface regardless of the domain orientations. In order to verify this, we further calculated the electron transfer at the interface as discussed later.
As for the atomic arrangement of the relaxed moiré superstructures, R0 graphene (see figure 5(a) ) has three special regions which depend on the location of a carbon hexagon relative to the underlying iridium atom in the substrate: on top of the first (named as top region), second (fcc region), or third (hcp region) layer atoms [17] . For the R14 and R19 graphene, due to their relatively small moiré unit cells compared to R0 graphene, it is a little difficult to figure out these three regions in the optimized moiré superstructures, as shown in figures 4(a) and (d).
The optimized atomic superstructures of R23 and R26 graphene are more complicated. First, the corresponding graphene lattices of the two moiré superstructures are derived by the HOC method, which is ( √ 19× √ 19) and ( √ 37× √ 37), respectively. Unlike the other four lattices, these values are not integral multiple of the lattice vector of graphene. The orientations of the moiré superstructures are not parallel to the graphene lattice, as confirmed by the models in figures 4(g) and (j). Second, for these two superstructures we find the top region where the carbon hexagonal-ring sits directly atop one iridium atom, but we find no concentrated fcc or hcp regions. This is probably the reason for the smaller corrugation. This Table 1 . All possible HOC superstructures of graphene on Ir(111). For the lattice parameters, we have chosen A = 2.4612Å for graphene and S = 2.715Å for Ir(111). Here, = L Ir − L G , and its value is less than 0.2Å for all HOC structures in the list except for the first one ( = 0.22Å). The symbol '−' before the relative mismatch means graphene is compressed to form an HOC structure. All the angles are obtained by geometric calculations.
HOC structures
Angle of Gr to Ir(111) (deg)
Angle between moiré and Gr (deg) Matrix may help explain why the simulated STM images of these two superstructures have no obvious moiré pattern. For the R30 graphene, the corresponding graphene lattice is (2×2), just twice as large as the graphene honeycomb lattice and quite a bit smaller than that in the other superstructures, thus the so-called fcc and hcp regions are almost the same, where one carbon atom locates atop one iridium atom, as shown in figure 4(m) . Only two types of carbon atoms can be sorted out: those located directly atop one iridium atom (A atom) and those adjacent to A atoms (B atom). The simulated Table 2 . DFT + D/PBE calculated results of the geometric parameters and the electron transfer at the graphene-Ir interface of all the six rotated moiré superstructures. The corresponding graphene lattices are listed in the first row. 'h' denotes the distance between the lowest carbon atom and the first layer of Ir substrate. ' h' means the depth of corrugation of the graphene adlayer (distance between the highest carbon atom and the lowest carbon atom). figure 4 (n) exhibits a clear contrast between A and B: the local density states of B carbon atoms are stronger than that of A carbon atoms, and hence the B carbon atoms look brighter. We further investigated the electronic properties of all six rotated superstructures by calculating the charge distribution at the graphene-Ir(111) interface. Globally electrons transfer from the graphene layer to the Ir substrate, as shown in figures 4(c), (f), (i), (l), and (o). For example, figure 4(o) shows a cross-section of the electron density differences and the planar integration of electron density differences along the c-direction of R30 graphene. We find that electrons mainly redistribute between graphene and iridium substrate, and the graphene is slightly p doped where the electron loss is about 0.014 electrons per carbon atom (e/C, see table 2). R0 graphene calculated previously by Busse et al showed a similar feature of electron transfer [58] . From table 2, we can see that the electron transfer of all the six rotated graphenes are at the same order of magnitude (0.01-0.014 e/C), which is much smaller than that of the Gr/Ru(0001) system [15] . It demonstrates that the relatively weak interaction exists globally at the graphene-Ir interface in all different rotated domains. This would be the main reason for the coexistence of different moiré superstructures.
We also found that different regions with different geometric corrugation (atom arrangements) in the superstructure have different local electric properties. For example, the corrugation of R0 graphene is larger than that of other rotated graphenes (see table 2, h). It has three different regions described as top, fcc, and hcp sites ( figure 5(a) ). The simulated STM image clearly shows the same moiré superstructure as the experimental observations ( figure 5(b) ). We calculated the electron transfer of each A and B atom in these regions. To calculate the electron transfer, we drew a column with radius of 0.7Å (half a C-C bond length) by setting A/B atoms as the center point, then integrated the electron density difference. It turns out that the electron loss of carbon atoms in the top site is the least, while that of A and B atoms in fcc (or hcp) regions is 0.008 and 0.003 e/C larger, respectively. This means that the carbon atoms in the fcc/hcp sites have stronger hybridization with the underlying Ir atoms than that in top sites in R0 graphene [58] . Previous experimental data using Raman spectroscopy [59] demonstrate that no Raman signal was detected in R0 graphene, in contrast, the vibrational modes were detected in the R30 graphene. From our calculation results, globally the electron transfers of R0 and R30 graphene are close to each other, both exhibiting a relatively weak hybridization of carbon atoms with the underlying Ir atoms. But in R0 graphene the hybridization mainly localizes in the hcp/fcc sites, which probably causes 
Conclusions
In summary, we report on six different rotated moiré superstructures of graphene on Ir(111) characterized by experimental observations of LEED, STM, and DFT calculations, named R0, R14, R19, R23, R26, and R30 graphene. The moiré pattern of R0 graphene has remarkable diffraction spots and the largest corrugation of the six rotated graphene domains. The overall relative orientation of the graphene lattice and the moiré superstructures of R0, R14, R19, and R30 graphene were parallel in every case, but R23 and R26 graphene are not so aligned. We further use the improved HOC method, which is demonstrated to be very useful to get a better understanding of the configuration and helpful for the analysis of experimental data and the construction of models for theoretical calculations, to produce a whole list of possible superstructures of graphene on Ir(111). By using DFT+D/PBE calculations on the six superstructures we observed, we further revealed the detailed geometric environment and interface electronic structures of graphene on the Ir(111) system. The electron transfer at the interface of the graphene-Ir substrate demonstrates the relatively weak interactions in all the six rotated moiré superstructures.
